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Introduction
The neurobiological substrate of learning and memory resides in modifications of synaptic strength and structural changes of neural networks activated during learning. Adult neurogenesis, the birth and development of new neurons in the adult brain, represents a unique form of structural and functional plasticity found in the hippocampal dentate gyrus (DG) and subventricular zone (SVZ) of lateral ventricles. DG is a critical structure for learning and memory functions (Deng et al., 2010; Emsley et al., 2005; Inokuchi et al., 2011) . The capacity to encode and retain memories is severely compromised in dementia. Alzheimer's disease (AD) is the most common cause of dementia in elderly people, characterized by synaptic pathology, intracellular accumulation of tau protein in neurofibrillary tangles, tau spreading, extracellular accumulation of b-amyloid in senile plaques, and loss of specific neuronal populations. Although these lesions and cognitive dysfunction are poorly correlated, the former may be directly involved, individually or in combination, in damaging brain plasticity in vulnerable regions of the brain (Ittner et al., 2010) .
Abnormalities in tau proteindsuch as hyperphosphorylation, mutation, truncation, oligomerization, aggregation, as well as imbalance in isoform ratios (Chatterjee et al., 2009; Jackson et al., 2002; Santacruz et al., 2005) dare sufficient to cause synaptic dysfunction, neurodegeneration, and dementia. Among tau abnormalities, we focused on the N-terminal 26e230 tau fragment (Ntau). Different lines of evidence support a role for this fragment in the impairment of neuronal plasticity and neurodegeneration: (1) N-tau is generated by caspase and/or calpain in different in vitro and in vivo models of AD (Canu et al., 1998; Corsetti et al., 2008; Park and Ferreira, 2005) ; (2) it is expressed in human AD brains (Amadoro et al., 2012; Rohn et al., 2002) ; (3) it is toxic when overexpressed in primary neuronal cultures (notably, the mechanism of toxicity involves the NMDAR and the signal transduction pathways linked to the activation of this receptor, like that of mitogen-activated protein [MAP] kinases) (Amadoro et al., 2006) ; and (4) a similar tau product, originating by an alternative splicing of exon 6, abundant in fetal brains and in CA1/CA3 pyramidal cells and DG granular cells of adult hippocampus, is supposed to be involved in the morphogenesis of synapses and neuronal networks, as well as in morphogenetic apoptosis (Luo et al., 2004) .
The subgranular zone (SGZ) of the DG is characterized by the presence of progenitor cells that produce, by a highly regulated process, glutamatergic neurons for the entire life of the organism. These neurons populate the granule cell layer of the DG and become functionally integrated into the existing DG circuitry (Kempermann et al., 2004a (Kempermann et al., , 2004b . Studies have correlated adult DG neurogenesis with cognitive function and hippocampus-mediated learning and memory (Deng et al., 2010) . Moreover, it is believed that the abnormal regulation of adult hippocampal neurogenesis might account for cognitive deterioration in neurodegenerative diseases associated with dementia (Lazarov et al., 2010; Mu and Gage, 2011) .
Alterations in the amyloid precursor protein (APP) and tau metabolism may indirectly perturb the permissive cues within the neurogenic niche that drive the production of new neurons and their subsequent integration into the neurocircuitry of the brain (Ghosal et al., 2010; Haughey et al., 2002; Rodriguez et al., 2008) . Less studied, however, are the direct effects on adult hippocampal neurogenesis of proteins that, as tau, regulate the morphogenesis and functional integration of new neurons (Bullmann et al., 2007; Fuster-Matanzo et al., 2012; Hong et al., 2010) .
With this aim, we investigated the link between pathological Ntau and adult neurogenesis, by means of a novel conditional transgenic mouse model expressing N-tau in neuronal precursor cells. Here we report the effect of N-tau expression in neuronal precursor cells, and we demonstrate that significant loss of nestinpositive neuronal stem cells and terminally differentiated newborn neurons was coupled with increased anxiety-related behavior in stressful conditions and deficit in episodic-like memory, both documented at the early onset of Alzheimer's disease.
Methods

Mouse lines and genotyping
The bi-transgenic nestin-rtTA/TRE-N-tau mouse line (henceforth referred to as TgN-tau) is the progeny of 2 mouse lines, each carrying a transgene: (1) nestin-rtTA transgene, encoding the tetracycline-regulated transactivator (rtTA) protein driven by the rat nestin intron II enhancer/promoter, previously generated (Mitsuhashi et al., 2001) , which restricts reporter gene expression to neuronal tissue (Fukuda et al., 2003 Yamaguchi et al., 2000) ; and (2) TRE-N-tau transgene, carrying the 26e230 fragment of the longest human tau isoform under the control of the tetracycline-responsive elements (TRE) (Gossen et al., 1995) .
The N-tau fragment was cloned into pTRE-shuttle2 vector (Clontech, Mountain View, CA, USA) to obtain pTRE-N-tau vector. To generate TRE-N-tau mice, the 1.3-Kb fragmentdcontaining 7 copies of TRE promoter, followed by the minimal cytomegalovirus promoter, the N-tau sequence and the SV40 poly(A)dwas excised from the pTRE-N-tau vector by NruI/BseRI digestion and used for microinjecting zygotes derived from hormonally primed 6-to 8-week-old B6D2F1 (C57BL/6 x DBA/2) female mice (Charles River) mated with fertile males of the same strain.
The TgN-tau mice were isogenic, having been previously interbred for 6 or more generations. The genotypization was performed by polymerase chain reaction analysis on genomic DNA extracted from tail biopsy using different sets of primers, to analyze rtTA and N-tau transgene respectively. Primers used to identify nestin-rtTA transgenic mice (amplified 991 bp of the tTA transgene) were as follows: forward 5 0 -AAGTAAAGTGATTAACAGCGC-3 0 and reverse (5 0 -CTACCCACCGTACTCGTC-3 0 ), whereas primers used to identify TRE-N-tau mice were: forward 5 0 -GGATCCTCTAGTCAGCTGACG -3 0 (nucleotide 720e744 of pTRE shuttle vector 2) and reverse 5 0 -ACGGACGCACTGCCACCTTCTT-3 0 (nucleotide 672e690 of human tau 1-441mRNA).
Animals were housed in standard breeding cages under a 12-hour lightedark schedule at a constant temperature of 21 C, and underwent behavioral testing between 2 and 5 PM in sound-insulated rooms. All procedures involving mice were conducted in accordance with the Istituto Superiore di Sanità (Italian Ministry of Health) and current European Ethical Committee (Directive 86/609/ ECC) guidelines. All efforts were made to minimize the numbers of animal used and their suffering.
Animal treatment
The N-tau transgene was activated in TgN-tau mice (TgN-tau ON mice) at P60 by doxycycline (Dox; 2 mg/mL; Sigma Aldrich, St. Louis, MO, USA) supplied in drinking water containing 2.5% sucrose. Dox-free animals (TgN-tau OFF mice [bi-transgenic mice in which the TRE-N-tau transgene was not activated], and WT mice [the progeny of crosses between nestin-rtTA and TRE-N-tau transgenic mice in which none of transgenes were inherited]) were given only 2.5% sucrose in drinking water and used as controls. Four additional control groups (2 groups of Nestin-rtTA mice, Dox-free and Doxtreated, respectively; and 2 groups of TRE-N-tau mice, Dox-free and Dox-treated respectively) were used. At P90, mice received 5 daily bromodeoxyuridine (BrdU; 95 mg/kg i.p.; Sigma Aldrich, St. Louis, MO, USA) injections to study neurogenesis. Immunohistochemical analyses were performed after BrdU treatment, at P95 and P116.
Immunohistochemistry, BrdU labeling, immunofluorescence, and TUNEL analysis
Mice were anesthetized with 400 mg/kg choral hydrate (Sigma Aldrich, St. Louis, MO, USA) and transcardially perfused with a phosphate-buffered solution of 4% paraformaldehyde. Their brains were removed, left in the fixative overnight, equilibrated in sucrose 30%, and cryopreserved at À80 C.
Brains embedded in Tissue-Tek OCT (Sakura Finetek Europe B.V) were cut (coronal section, 20-mm thickness) on cryomicrotome (Leica CM 1850 UV) at À25 C. Sections were then processed immunohistochemically for multiple labeling with BrdU and other cellular markers using fluorescent methods. BrdU incorporation was visualized by denaturing DNA through pretreatment of sections with 2 N HCl for 45 min at 37 C, followed by 0.1 mol/L sodium borate buffer, pH 8.5, for 10 minutes.
Primary antibodies were as follows: rat monoclonal antibody against BrdU (MCA2060; 1:400; AbD Serotech; Raleigh, NC, USA); mouse monoclonal antibody against nestin (USAMAB353; 1:100; Chemicon International, Temecula, CA, USA), NeuN (MAB377; 1:300; Chemicon International), tau (MN-100, clone HT7, 1:300; Thermo-Fisher Pierce, Rockford, IL, USA); chicken polyclonal antibody against nestin (PA1-46338 1:1000; Thermo-Fisher Pierce); goat polyclonal antibody against Glial Fibrillary Acidic Protein (GFAP; Sc-6170, 1:300; Santa Cruz Biotechnology, Santa Cruz, CA), Dcx (Sc-8066, 1:300; Santa Cruz Biotechnology), Iba-1 (ab5076, 1:100; Abcam, Cambridge, UK); rabbit polyclonal antibody against Dcx (ab18723; 1:200; Abcam); rabbit monoclonal anti-Ki67 (SP6; 1:200; LabVision Corporation), rabbit polyclonal antibody against anti-cleaved caspase-3 (9961, 1:100; Cell Signaling Technologies, Danvers, MA, USA). After overnight incubation, primary antibody staining was revealed using fluorescence-conjugated secondary donkey antibodies (Jackson ImmunoResearch Europe Ltd) .
Terminal deoxynucleotidyl transferaseemediated biotinylated UTP nick end labeling (TUNEL) was performed according to the manufacturer's instructions (ApopTag Red in situ apoptosis detection kit; Millipore) on cryostat sections.
Images of the immunostained sections were obtained by laser scanning confocal microscopy using a TCS SP5 microscope (Leica Microsystem). All analyses were performed in sequential scanning mode to rule out cross-bleeding between channels.
Quantification of cell number and volumes
Quantitative analysis of cell populations was performed by means of design-based (assumption-free, unbiased) stereology. Slices were collected using systematic random sampling. The brain was sliced coronally in rostro-caudal direction, thus including the (Farioli-Vecchioli et al., 2008; Gould et al., 1999; Jessberger et al., 2005; Kee et al., 2007) . Double and triple labeling was confirmed by z-series of entire nucleus or cell in question. An investigator blinded to the different experimental design settings performed cell counting and proportional analyses. At least 3 animals per group were analyzed. Stereological analysis of volumes was performed, analyzing every sixth section in a series of 40-mm coronal sections (spaced 240 mm). Volume was determined by summing the traced areas of the DG or the hippocampus and multiplying this result by the distance between the sections analyzed (240 mm).
Measurements of positive cells and areas were obtained by computer-assisted analysis using the I.A.S. software (Delta Sistemi, Rome, Italy).
2.5. Assay of b-galactosidase activity b-Galactosidase activity of the b-geo reporter gene fused to the nestin-rtTA transgene was performed as previously described (Farioli-Vecchioli et al., 2008) .
Retrovirus-GFP labeling
The murine Moloney leukemia virusebased vector CAG-green fluroescence protein (GFP) (Zhao et al., 2006) was used to infect only dividing cells at the moment of in vivo delivery. Retroviruses were propagated by transiently cotransfecting CAG-GFP with pHCMV-G vector, which expresses the VSV-G protein (FarioliVecchioli et al., 2008; Gaiano et al., 1999) in the packaging cell line Phoenix (the latter being a human embryonic kidney cell line that stably expresses the gag and pol proteins of Moloney murine leukemia virus). Cells at approximately 90% confluence in 90-mm dishes were transfected with 11.5 mg of CAG-GFP and with 13.5 mg of pHCMV-G, using calcium phosphate precipitation. Virus-containing supernatant was harvested 36, 48, and 60 hours after the start of transfection. Frozen stocks were pooled and the virus was concentrated by centrifugation for 1.5 hours at 60,000 Â g. The concentrated (10 8e9 cfu/mL) was bilaterally infused (1.5 mL at 0.32 mL/min) into the DG of anesthetized mice at P95 (coordinates: 2 mm posterior and 1.5 mm lateral from bregma and 2.3 mm ventral from skull).
Dendritic growth and spine density of GFP-positive neurons
Dendritic analysis of GFP-positive neurons was performed by acquiring z-series of 15 to 25 optical sections at 1-to 1.5-mm intervals with a Â40 oil lens, with the confocal system TCS-SP5 (Leica Microsystem). Two-dimensional projections at maximum intensity of each z-series were generated with the LAS AF software platform (Leica Microsystem) in the TIFF format, and files were imported in the I.A.S. software (Delta Systems) to measure dendritic length. The number of branching points was counted manually in the same images. For each data point, 20 to 30 cells from 3 mice per group were analyzed. From the same GFP-positive neurons, the spines on dendritic processes were imaged by acquiring z-series of 25 to 35 optical sections at 0.5-mm intervals with a Â63 apochromatic oil lens, and a digital zoom of 3. The number of spines was counted manually on 2-dimensional projections obtained by the LAS AF software. The linear spine density was then calculated by dividing the total number of spines by the length of the corresponding dendritic process.
Behavioral tests
, and Nestin-rtTA dox-treated (n ¼ 25), male mice aged between 3 and 5 months were used for behavioral evaluation.
Elevated plus maze
The elevated plus maze test was performed in an elevated maze (60 cm from the ground), made of gray Plexiglas, with 4 arms (5 Â 30 cm) extending from a central platform. Two opposite arms were enclosed by walls (15 cm high), whereas 2 were open. Two different experimental settings were prepared, for subsequent testing of independent groups of mice. A dimly lit (w50 lux), silent room housed the apparatus for the non-threatening condition, which was successively turned into a brightly lit one (w500 lux), with direct lighting of the apparatus and moderate background noise, for the fearful condition. The mice were placed in the center of the apparatus and allowed to explore it for 5 minutes, to assess the relative occupancy of the open versus enclosed arms. The behavior of mice was analyzed by EthoVision software (Noldus Information Technology, Wageningen, the Netherlands).
Light/dark emergence test
The light/dark emergence test was conducted as previously described (Revest et al., 2009) , with minor modifications. A darkgray plastic cylinder (15 cm deep, 7 cm in diameter) was placed lengthwise along a wall of a squared arena (80 Â 80 Â 30 cm). The mice were placed into the cylinder and tested for 10 minutes under bright light conditions (w800 lux), to assess the time spent inside the cylinder and the distance traveled in the lighted zone of the apparatus. The behavior of the mice was analyzed by EthoVision software (Noldus Information Technology, Wageningen, the Netherlands).
Water maze (reference)
Both the reference version and the delayed matching-to-place version of the Morris Water Maze were performed in a circular swimming pool (130 cm in diameter), filled with opaque water that was maintained at a constant temperature of 25 C AE 1 C, located in a room containing prominent extra-maze cues. For the reference version, the mice were pre-trained to a visible platform for 2 days, to exclude motor deficits or weakening in visual acuity. The training consisted of 24 trials (4 trials per day, lasting a maximum of 60 seconds, with an intertrial interval of approximately 30 minutes), with the platform (12 cm in diameter) left in the same position in the pool. A probe test (60 seconds) was also performed, 24 hours after the completion of the last training session, by removing the platform from the pool and leaving the mice swim for 60 seconds. The behavior of the mice was analyzed by EthoVision software (Noldus Information Technology, Wageningen, the Netherlands).
Water maze (delayed matching-to-place)
The delayed-matching-to-place task was conducted as previously described (Chen et al., 2000; Zeng et al., 2001) , with minor modifications. A first training session started in which the mice were trained to navigate to the hidden platform until reaching a rigorous performance criterion of 3 trials in a row with an average escape latency of less than 20 seconds, or until completing a maximum of 24 trials (8 trials per day, lasting a maximum of 90 seconds, with an intertrial interval of approximately 10 minutes). The day after the completion of the first training session, a new session started in which mice were trained to a different platform location, with the same procedure. This protocol was repeated until a total of 5 platform locations were learned. Animals that reached the criterion in less than 5 trials were still trained until completing a series of 5 trials, to collect escape latency data of all mice for the first 5 trials. The behavior of the mice was analyzed by EthoVision software (Noldus Information Technology).
Additional behavioral methods are available as supplementary material.
Results
3.1. Doxycycline treatment in bi-transgenic N-tau mice induces expression of N-tau in nestin-positive neuronal precursor cells N-tau conditional expression was induced in nestin-expressing adult hippocampal stem and progenitor cells (Kempermann et al., 2004a (Kempermann et al., , 2004b of TgN-tau mice from P60 through administration of Dox (Fig. 1A) . The analysis of the expression of transgenic N-tau in P95 mice with active N-tau transgene (TgN-tau ON mice) indicated targeting to the DG, as visualized by X-gal staining, which revealed the b-galactosidase activity of the b-geo reporter gene fused to the nestin-rtTA transgene (Fig. 1B) . In TgN-tau ON mice, the immunostaining with human specific tau antibody (HT7) revealed the presence of N-tau in nestin-positive progenitor cells, namely, putative type 1 cells, with long processes extending to the outer granule cell layer and molecular layer, and putative type 2 cells, with a large round or ovoid soma and short cytoplasmic extension oriented tangentially (Fig. 1C and D) . Moreover, N-tauepositive cells were detected in the middle granule cell layer, at the border of the molecular layer, and in the hilus, where nestin-positive cells also reside (Filippov et al., 2003) (Fig. 1C) , and in SVZ of the lateral ventricles (Lugert et al., 2010) (Fig. 1D) .
N-tau expression decreases hippocampal neurogenesis
To follow the progeny of proliferating cells, 30 days after the activation of the N-tau transgene, mice received 5 daily injections (P90eP94) of permanent S-phase marker BrdU. Immunohistochemical analyses performed at P95 showed a significant decrease (w25%; p ¼ 0.016) of the number of BrdU-labeled cells in the DG of TgN-tau ON mice compared to TgN-tau OFF ( Fig. 2A and B) . Similarly, the number of cells in SGZ positive for Ki67 (a protein associated with cell proliferation) was significantly reduced in TgN-tau ON mice compared to TgN-tau OFF (w30%; p < 0.005) (Fig. 2C) . These data indicate that cell proliferation is reduced by one-third in the SGZ of TgN-tau ON mice. A similar trend was observed in the SVZ of TgN-tau ON mice (Fig. S1 ) consistent with the Dox-induced N-tau expression in this neurogenic niche.
Furthermore, no significant difference in the number of BrdUpositive cells was observed between different control groups (nestin-rtTA, TRE-N-tau, and WT), treated either with vehicle or Dox, and TgN-tau OFF (Fig. S2) . For the sake of maximum clarity, only comparison between TgN-tau OFF and TgN-tau ON mice are shown. Data regarding all other control groups are reported in Supplementary Data.
N-tau expression influences the lineage progression of the newly generated cells
To determine whether the reduced cell proliferation observed in TgN-tau ON mice resulted from a significant decrease in the number of specific precursor cells or, alternatively, by a overall reduced proliferative activity, we quantified the absolute number of all newborn cell populations.
The glial fibrillary acidic protein (GFAP)eexpressing astroglia rarely divide neural stem cells, undergoing asymmetric division to give rise to 1 daughter stem cell and 1 daughter neuronal lineage restricted progenitor cell (Seri et al., 2001) . These stem cells, defined as type 1 (Kempermann et al., 2004a (Kempermann et al., , 2004b , are identified by the expression of nestin, GAFP, Sox2, and BLBP (Filippov et al., 2003; Fukuda et al., 2003; Graham et al., 2003; Lugert et al., 2010) . We found that, in TgN-tau ON mice, the number of BrdU þ / GFAP þ /nestin þ cells, corresponding to 1-to 5-day-old type 1 cells, decreased significantly (w50%; p ¼ 0.002) (Fig. 2D) . Next, we analyzed the transiently amplifying neural progenitors derived from type 1 cells. These progenitors express nestin but lack GFAP and are divided into 2 subgroups, namely, type 2a and type 2b, based on the presence or absence of the microtubule-associated phosphoprotein doublecortin (Dcx) (Filippov et al., 2003; Fukuda et al., 2003) . These cells generate migratory neuroblasts (type 3, expressing Dcx) that rapidly proliferate and exit the cell cycle before maturing into granule neurons (Fig. 2GeJ) .
Reduced long-term survival of new neurons in TgN-tau ON mice
We next investigated long-term changes in neurogenesis by analyzing cell fate and phenotype of newly born cells that were unaffected by N-tau expression. BrdU was administered for 5 consecutive days from P60 onward, and labeled cells were quantified 4 weeks later, a range of time after which most newly born cells express NeuN . We observed a significant reduction of the total number of 4-week-old cells in TgN-tau ON mice (w62%; p ¼ 0.001) (Fig. 2K) . In parallel, we determined survival rate. This was significantly reduced in TgN-tau ON mice (31.23 AE 3.22 vs. 53.48 AE 4.36; p ¼ 0.0004) (Fig. 2L) , implying decreased survival of newly born cells in the TgN-tau ON mice.
A summary of the effects of the expression of N-tau on new progenitor cells and post-mitotic neurons is provided in Fig. 2M .
Reduced neurogenesis is not linked to increased caspase3emediated apoptosis
In the adult DG, newborn cells that are not recruited into functional networks are eliminated by caspase-3emediated apoptotic cell death in the first 1 to 4 days of life (Biebl et al., 2000) , during the transition from amplifying neuroprogenitors to neuroblasts (Kuhn et al., 2005) . To analyze whether the reduction in neurogenesis observed in TgN-tau ON mice was due to apoptosis, we performed immunostaining for activated caspase-3. We found a slight reduction of caspase-3epositive cells, but this decrease did not reach statistical significance, in the SGZ of TgN-tau ON mice, compared to TgN-tau OFF (Fig. 3A) . However, by TUNEL assay, which detects DNA fragmentation induced by different types of cell death (GraslKraupp et al., 1995) , we found that the number of TUNEL-positive cells was significantly increased in TgN-tau ON mice (w52%; p ¼ 0.03) (Fig. 3B) . Interestingly, in TgN-tau-ON mice, approximately 40% of TUNEL-positive cells showed a diffuse cytoplasmic TUNEL labeling that is suggestive of necrosis (Ünal-Cevik et al., 2004) (Fig. 3C) , as also confirmed by the appearance of other morphological features of necrosis in nestin-positive cells expressing N-tau (Fig. S3) . Moreover, staining for ionized calcium-binding adaptor molecule 1 (Iba-1), which labels microglia, showed that Ntaueinduced impaired neurogenesis was accompanied by an increase in microglia population in DG of TgN-tau ON mice (w35%, p ¼ 0.05) (Fig. 3D) .
These alterations were not associated either with changes in the volume of the DG or the whole hippocampus or with changes in the total number of granule cells (Fig. S4 ).
Increased dendritic arbor and spine density of new neurons in TgN-tau ON mice
As a further step, we investigated whether the integration of new neurons into the existing network was impaired in N-tau transgenic mice. With this aim, mice were injected with retrovirus transducing GFP (10 8 pfu/mL) (Zhao et al., 2006) , through stereotaxic delivery into the DG, at P95 (1 month after the activation of the transgene), according to the same time schedule followed for the immunohistochemical analyses. We focused on dendritic length, dendritic arborization and spine density at 10 and 30 dpi, the latter being a time point at which neuronal cell death was not yet apparent. The analysis of GFP-positive neurons at 10 dpi revealed a significantly decreased dendritic length in TgN-tau ON mice compared to TgN-tau OFF (Fig. 4A and B) . This difference was not observed at 30 dpi, when the dendritic length of new neurons was similar in TgN-tau ON and TgN-tau OFF mice (Fig. 4A and B) . The number of branching points in GFP-positive neurons at 10 dpi was significantly lower in TgN-tau ON mice than in TgN-tau OFF. This difference, however, reversed at 30 dpi, when the TgN-tau ON exhibited a higher number of branching points (Fig. 4AeC) . Normally, spine growth starts in the adult-generated DG neurons at approximately 16 dpi and reaches a plateau at 56 dpi; however, at 28 dpi, the exponential phase of growth has already ceased, and this stage can be considered representative of the achievement of the neuronal morphological maturity (Zhao et al., 2006) . Quantification of spine density in the DG neurons at 30 dpi revealed a significant increase in TgN-tau ON mice, compared to TgN-tau OFF ( Fig. 4D and E) .
Altogether, these morphological analyses point to an increase in dendritic arborization and spine density occurring, in TgN-tau ON surviving neurons, during the developmental stages between 10 and 30 dpi.
Increased anxiety-related behavior in TgN-tau ON mice
TgN-tau ON and TgN-tau OFF mice, as well as control groups (nestin-rtTA and WT mice), were preliminarily tested for basal behaviors in an open field, with no differences between groups in any of the variables taken into consideration (Figs. S5 and S6 ). Anxiety-related behaviors were evaluated in an elevated plus maze. Toward this aim, 2 different experimental settings were prepared, and independent groups of mice were assigned to 1 setting or the other for subsequent testing. A dimly lit, silent room housed the apparatus for the non-threatening condition, which was successively turned into a brightly lit one, with direct lighting of the apparatus and moderate background noise, for the fearful condition. This procedure is useful in discriminating the relative contribution of fear of external threats, on 1 hand, and the strength of novelty-seeking behavior, on the other, to the performance of the animals in the maze (Revest et al., 2009; Saab et al., 2009) , thus reducing the risk of misinterpreting a possible weakening in their attitude toward explore novel environments as increased susceptibility to anxiety. Indeed, TgN-tau ON (n ¼ 8) and TgN-tau OFF (n ¼ 10) mice showed comparable tendency to visit the open arms of the apparatus when tested in non-threatening conditions ( Fig. 5A and B; p > 0.454; Student t test); however, a statistically significant difference between groups emerged during testing in the fearful environment, with TgN-tau ON mice (n ¼ 9) entering and exploring the open arms less than TgN-tau OFF mice (n ¼ 11) ( Fig. 5C and D ; p < 0.05; Student t test). Such a tendency to show increased anxiety-related responses in threatening conditions was confirmed by successive testing of the animals in the light/dark emergence test. Here, TgN-tau ON (n ¼ 8) and TgN-tau OFF (n ¼ 10) mice were allowed to explore for 10 minutes an open field bathed in direct light and were provided with a dark plastic cylinder, placed lengthwise along a wall, that was useful for the animals to shelter.
Again, a statistically significant difference was observed between groups with regard to the number of entries into the cylinder and the time spent in the cylinder, with TgN-tau ON mice hiding in the cylinder more often, and for longer periods, than TgN-tau OFF mice ( Fig. 5E and F ; p < 0.05; Student t test). Conversely, TgN-tau ON mice were less inclined to explore the open field compared to TgNtau OFF mice, as indicated by the significantly shorter distance that they traveled in the lighted area of the apparatus ( Fig. 5G ; p < 0.05; Student t test). Depression-related behaviors were also assessed in TgN-tau ON mice, with no differences observed in comparison with TgN-tau OFF mice (Fig. S7) . No significant differences between TgNtau OFF, nestin-rtTA and WT mice were observed in anxiety-and depression-related behaviors, which rules out nonspecific effects exerted by the genetic manipulation on the behavioral responses of transgenic mice (Fig. S8) .
Impaired episodic-like memory in TgN-tau ON mice
Learning and memory abilities of TgN-tau mice were first addressed by testing in a reference version of the Morris Water Maze. After being trained to a visible platform for 2 days, to exclude motor deficits or changes in visual acuity, TgN-tau ON (n ¼ 9) and TgN-tau OFF (n ¼ 11) mice were subjected to 6 daily training sessions, with 4 trials per day, during which animals from both groups learned reliably to navigate to a hidden platform in the pool by using distal cues, with comparable rate ( Fig. 6A ; effect of group: ). Long-term retention of the memory for the platform position was further assessed by a probe test, carried out 24 hours after the completion of the last training session, with animals allowed to swim in the pool for 60 seconds in the absence of the platform. As normally observed, both TgN-tau ON and Tg-tau OFF mice spent more time in the sector of the pool where the platform was located during training, compared to the other sectors ( Fig. 6B ; effect of group: F 1,18 ¼ 1.69, p ¼ 0.210; effect of sector: F 3,54 ¼ 18.27, p < 0.001; sector Â group interaction: F 3,54 ¼ 0.61, p ¼ 0.610; 2-way repeatedmeasures ANOVA), showing a negligible amount of thigmotaxis ( Fig. 6C ; p ¼ 0.571; Student t test).
Independent groups of TgN-tau ON (n ¼ 10) and TgN-tau OFF (n ¼ 12) mice were tested in a second water maze protocol, which addresses rodents' ability to perform 1-trial learning and episodiclike memory (Chen et al., 2000; Farioli-Vecchioli et al., 2012; Zeng et al., 2001) . In this delayed matching-to-place version of the task, mice are confronted with a series of successive platform locations and trained to navigate to each of them until reaching a rigorous performance criterion (or a maximal number of trials), after which the platform is moved to a different location in the pool and a new training session starts. In such a procedure, the earlier locations of the platform, which are encoded in long-term memory, are likely to cause interference when the most recently encoded location has to be selectively retrieved, to complete the current session successfully. Thus, for each training session except the first, a decrease of escape latency in the second trial compared to the first trial points to the ability of the mice to rapidly acquire the memory for the new platform location, avoiding the interference exerted by the memories previously acquired for the other locations. As training proceeded, both TgN-tau ON and TgN-tau OFF mice respectively) in TgN-tau ON and OFF mice. The merge shows neurons positive for all 3 antigens as yellow cells present in TgN-tau ON, indicated by white arrowhead. Scale bar, 25 mm. retained their ability to locate reliably the hidden platform at each of the 5 positions to which it was sequentially moved (Fig. 6D , left to right; effect of trial, for all positions: F 4,80 > 5.60, p < 0.001; trial Â group interaction, for all positions: F 4,80 < 0.50, p > 0.303; 2-way repeated-measures ANOVA). However, although no effect of group was detected for the first and the second platform positions (Fig. 6D , positions #1 and #2; effect of group, for both positions: F 1,20 < 2.73, p > 0.095), a significant difference between groups emerged for the third, fourth, and fifth positions, with TgN-tau ON mice reducing their escape latencies at a slower rate compared to TgN-tau OFF (Fig. 6D, positions 3 , 4, and 5; effect of group, for all positions: F 1,20 > 9.99, p < 0.049). Consistently, a significant difference between genotypes also emerged with regard to the reduction of escape latencies animals achieved as they passed from the first to the second trial of the last 2 training sessions ( Fig. 6E ; p < 0.01; Student t test). These data suggest that TgN-tau mice began to fail in rapidly encoding new spatial memories during the latter stages of training, when they had a greater amount of previously stored spatial information to deal with, to avoid interference. This is further reflected by the significantly higher number of trials that TgN-tau ON mice needed to reach the performance criterion over the last 2 training sessions, compared to TgN-tau OFF ( Fig. 6F ; p < 0.01; Student t test). None of control groups (nestin-rtTA and WT mice) differed from TgN-tau OFF mice when tested in the delayed matching-to-place version of the water maze (Fig. S9) .
Discussion
Here we present a murine model that is, to our knowledge, the first specifically aimed to analyze the direct effects of the overexpression of a pathological tau species on adult hippocampal neurogenesis.
Our model is based on the selective and conditional expression in adult neural precursor cells of the N-terminale26-230 fragment of the longest human tau isoform (Canu et al., 1998) using the TetOn system under the control of nestin promoter.
The activation of the transgene resulted in the expression of Ntau protein in nestin-positive cells of the DG and SVZ, where neural precursors are present. This led to a drastic reduction in the number of nestin-positive cells, that is, of type 1 putative stem cells and type 2a,b progenitor cells, accompanied by a lesser decrease of type 3 and 1-to 5-day-old terminally differentiated postmitotic cells. The latter finding is likely to be ascribed to the physiological inactivation of nestin promoter, which ceases to drive the expression of N-tau in these neuronal cells. Moreover, the total number of Ki67-positive cells, long-term survival, and neurogenesis were strongly reduced, albeit not totally blocked, in the DG of TgN-tau ON mice. Indeed, a residual level of neurogenesis persisted several months after the induction of N-tau expression. Also, we found that Doxtreatment reduced cell proliferation in the SVZ of TgN-tau ON mice, consistent with the expression of N-tau in the second main neurogenic niche of the brain (Fig. S1) .
The observed effects on neurogenesis in TgN-tau ON mice were linked to the finding that the number of TUNEL-positive cells was significantly increased, suggesting that N-tau expression leads to cell death. Indeed, we found that nestin-positive cells expressing N-tau showed signs of degeneration reminiscent of necrosis ( Fig. S3A and B) (Barros et al., 2003) . Moreover, the finding that the number of activated caspase-3epositive cells was not increased in TgN-tau ON mice, compared to controls, and that many of the dying cells showed a diffused TUNEL staining, are further arguments in support of a non-apoptotic cell death pathway activated by N-tau. These findings are consistent with our previous report showing that, in vitro, the same tau fragment caused a caspase3eindependent, NMDAR-mediated, cell death (Amadoro et al., 2006) . Because type 1 and type 2a precursor cells express NMDAR1 and NMDAR2B receptors that are likely extrasynaptic (Nácher et al., 2007) , it is reasonable to think that N-tau might impair adult neurogenesis through the activation of these receptors. It is known that the NR2B receptor negatively regulates adult hippocampal neurogenesis and spatial memory (Hu et al., 2008) . Moreover, nitric oxide production after the NMDAR activation blocks the proliferation of neuronal precursors. Potential downstream effectors of nitric oxide include the second messenger cyclic GMP, as well as p53, p21, and phospho-Retinoblastoma (pRb) proteins. (Gibbs, 2003) . Rb, which is expressed mainly in proliferating precursors (Okano et al., 1993) , is hyperphosphorylated and then inactive in several tauopathies (Stone et al., 2011) .
Alternatively, N-tau may indirectly control Rb function through the adaptor protein Che-1, which has been reported to inhibit Rb suppression activity by interfering with the recruitment of HDAC1 by Rb (Bruno et al., 2002) . Because the interaction between N-tau and Che-1 is modulated during neuronal apoptosis, when the reactivation of aberrant cell cycle leads to neuronal death (Barbato et al., 2003) , it is likely that expression of N-tau in neuronal precursors may perturb the interplay between Rb/Che-1 in the regular control of cell cycle. Thus, N-tau, like other pathological tau species, may induce Rb inactivation in neuronal precursor cells (Lee et al., 1994; Stone et al., 2011) , which in turn raises conflict between ongoing proliferative and proliferation-inhibitory stimuli leading to cell death, as commonly observed after ablation of inhibitors of proliferation such as, for instance, the Btg-1 protein (FarioliVecchioli et al., 2012) .
Further studies are needed to ascertain the mechanism(s) underlying the process of cell death associated with N-tau expression in neuronal precursor cells.
A potential concomitant consequence of N-tau-induced cell death was the increased microglia cell recruitment in the SGZ of TgN-tau ON mice, suggesting that N-tau-induced impairment of neurogenesis caused a mild inflammatory response. Although microglia could have an important regulatory role at the early stages of neurogenesis by rapidly removing cell debris (Sierra et al., 2010) , the phagocytosis could become detrimental for the surrounding newborn neurons by further inducing neuronal death (Neher et al., 2011) . Thus microglia could exacerbate, in turn, Ntaueinduced negative effects on neurogenesis, extending the impact of N-tau overexpression also to neuronal precursor cells in which the nestin promoter is inactive. However, we cannot exclude a direct action of N-tau on type 3 cells (nestin À /Dcx þ ), given that the half-life of tau (60 hours and more in its phosphorylated form) Increased anxiety responses in threatening conditions were confirmed in the light/dark emergence test, where TgNtau ON mice showed a significantly higher number of entries into a dark cylinder suitable for providing protection, and spent a significantly greater amount of time inside the cylinder, compared to TgN-tau OFF mice. Conversely, TgN-tau ON mice were less inclined to explore the lighted area of the apparatus, compared to TgN-tau OFF mice, as indicated by the significantly shorter distance that they traveled out of the cylinder. Results are presented as mean AE SEM. * p < 0.05. (Poppek et al., 2006) may allow N-tau expression to persist in some of these cells.
The expression of human tau-4R has been reported to suppress proliferation and to promote neuronal differentiation in the DG of tau knockin/knockout mice (Sennvik et al., 2007) . Although we found that surviving new neurons in TgN-tau ON mice showed an increase in dendritic complexity and spine density, we assume that this phenotype is not the consequence of the differentiation promoted by N-tau. This assumption is based on the finding that a similar tau fragment suppressed nerve growth factor-induced neurite extension in PC12 cell line (Brandt et al., 1995) or in primary embryonic hippocampal cultures when N-tau was overexpressed (N. Canu, unpublished data, 2012) ; rather, we favor the hypothesis that this phenotype may represent a neural compensation (Kolb Brown et al., 2001 ) to the effects triggered by N-tau expression.
Although a large body of data collected in recent years suggests a role for adult neurogenesis in some kinds of hippocampus-dependent memory, the presence of conflicting results and inconsistencies in the literature has made it difficult to identify the basic operating principles of adult-born neurons in learning and memory processes (Deng et al., 2010) . However, both computational and behavioral approaches seem to indicate that adult neurogenesis could ultimately contribute to enhancing the extent of information encoded by the DG and improving pattern separation, which refers to the ability to discriminate among potentially overlapping experiences (Aimone et al., 2011; Sahay et al., 2011) and has been recognized as intrinsic to episodic memory (Yassa and Stark, 2011) . Consistently, the loss of newborn neurons in the DG of TgN-tau ON mice was associated with a selective failure in a delayed matching-to-place version of the Morris Water Maze, in a test specifically designed to assess episodic-like components of memory (Chen et al., 2000; Zeng et al., 2001) . In addition, an increased anxiety-related behavior was observed in TgN-tau ON mice when tested under stressful conditions, which adds to previous observations indicating a potential role for adult neurogenesis in the regulation of emotional responses (Revest et al., 2009; Bergami et al., 2008) . It is noteworthy that both anxiety and a selective weakening of episodic memory have been documented at the early onset of Alzheimer's disease (Gallagher and Koh, 2011) .
In conclusion, although the model used presents methodological limits (i.e., lack of comparison between the effects of N-tau versus full-length tau overexpression that would better clarify the specific role of N-tau), our newly developed conditional murine model allowed us to demonstrate that overexpression of a tau modification, which is associated with disease, may directly affect adult DG neurogenesis and episodic-like memory. We believe that our work provides new insights into the complex mechanisms underlying impairment of hippocampal neurogenesis in tau-associated neurodegenerative disease.
As a next step, it would be interesting to clarify by which mechanisms nestin-positive neuronal precursors could eventually express N-tau or other pathological tau species. Existing data suggest that tau secretion, followed by cell-to-cell spreading, might Fig. 6 . Learning and memory abilities of TgN-tau mice. (A) After being pre-trained to a visible platform for 2 days (v1ev2), to exclude motor deficits or weakening in visual acuity, both TgN-tau ON and TgN-tau OFF mice learned reliably to navigate to a hidden platform in a reference version of the Morris Water Maze, as indicated by the significant decrease of escape latencies over the 6 days of training. (B) On a probe test, performed 24 hours after the completion of the last training session, both groups of mice spent a significantly greater amount of time in the target quadrant of the pool, where the platform was located during training, compared to the other quadrants. (C) Both groups of mice showed negligible thigmotaxis (i.e., swimming in a circular manner along the wall of the pool) during the probe test. (D) In a delayed matching-to-place version of the Morris Water Maze, TgN-tau ON mice learned the new platform position at a significantly slower rate compared to TgN-tau OFF mice over the third to fifth training sessions, which indicates a failure in the rapid encoding of new spatial memories when previously acquired spatial information is likely to exert interference. (E) Reduction of escape latencies (saving) achieved by mice as they passed from the first to the second trial of the fourth and fifth training sessions (averaged). (F) Number of trials that mice needed to reach the performance criterion (3 successive trials with mean escape latency <20 seconds) in the fourth and fifth training sessions (averaged). Results are presented as mean AE SEM. ** p < 0.01. underlie the ability of adult hippocampal neuronal precursor cells to take up and express pathological tau species (Clavaguera et al., 2009; Saman et al., 2012) . Such a mechanism bears major implications also for the effectiveness of neuronal stem cell therapy as a potential treatment for Alzheimer's disease.
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